In this present study, we describe the development of a low-cost, smallfootprint and modular 3D printed continuous-flow system that readily attaches to existing stirrer hotplates. Flow-rates are controlled by compressed air that is typically present in all fume hoods, making it suitable for use by synthetic chemists. The length of the flow-path and reaction residence time is regulated by control of the air-flow and pressure and by addition of one or more 3D printed polypropylene (PP) circular disk reactors that were designed to fit a DrySyn Multi-E base which is found in most synthetic laboratories. The ease of use of the system, the facile control of flow-rates and the solvent resistance of the PP reactors was demonstrated in a range of SNAr reactions to produce substituted ether derivatives highlighting the utility and modularity of the system. 3D Printing and continuous-flow chemistry are two emerging and developing technologies that have both grown rapidly over the last decade due to the clear and obvious benefits of each requisite technology.
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Printing and continuous-flow chemistry are two emerging and developing technologies that have both grown rapidly over the last decade due to the clear and obvious benefits of each requisite technology. 1,2 However, whilst 3D printing has expanded rapidly across the sciences in both academic and industrial laboratories becoming an embedded tool of choice for most scientists, 3-7 continuous flow chemistry despite its obvious advantages, has lagged behind in adoption by synthetic chemists and remains less widely used due to the high costs of the continuous flow systems themselves and their associated reactors and equipment, making it affordable to only a very few academic and industrial laboratories, limiting its acceptance and use amongst synthetic chemists. 8 In contrast, 3D printing has become an affordable tool to most scientists with rapid falls in the costs of the machines, with fused deposition modelling (FDM) and stereolithography (SLA) printers typically costing around $3000, enabling an array of materials to be employed and used in the creation of bespoke equipment. 2, 3 As a result of the high cost of continuous flow reactors and the complex geometries required for efficient mixing, synthetic chemists have employed 3D printing as a useful tool with which to create bespoke reactors and equipment for use in continuous flow chemistry. [2] [3] [4] [5] [6] [7] Cronin has pioneered the concept of "reactionware" in the field of 3D printing with automated control and delivery of reaction components and accurate control over reagent addition. 9 Other researchers have also demonstrated how 3D printing can aid continuous flow chemistry with Christie having developed a reactor which can be integrated with an HPLC for facile product detection, 10 whilst Kappe has reported the use of 3D printed steel reactors for continuous difluoromethylation. 11 Research in our group has previously focussed on the use of 3D printed reactors, with the development of polypropylene (PP) column reactors which can be readily integrated with existing flow reactors and are applicable to a range of reactions. 12 However, a key drawback of all of these approaches are the costs of the flow reactor systems themselves which typically cost upwards of $20,000
representing a large barrier to entry for most synthetic chemists into this powerful emerging technology.
As a result of our previous reports on continuous flow synthesis and our development of low-cost equipment across a range of disciplines using 3D printing, [12] [13] we were intrigued by the possibility of developing a full continuous flow system using 3D printing which could be readily used by synthetic chemists and low enough in cost to be within reach of most laboratories. In addition, we wanted a system with a small size footprint that could be integrated with existing laboratory equipment and removed and stored when not needed, stopping the typical blocking of fume cupboards encountered with most continuous flow systems. Herein, we now wish to report on the results of our approach, which was designed to be integrated with existing commercial stirrer hotplates which are found in nearly every synthetic chemistry laboratory fume hood and the planned design of the system is shown below (Figure 1 ). Reactors were designed using Tinkercad free online software (Autodesk) and incorporated screw-thread adaptors in the design for addition of PEEK fittings.
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Reactors were 75 mm wide (equivalent to the spaces in the DrySyn blocks) and 7 mm high with an internal 2 mm high reactor channel (supplementary information). Reactors were printed on an Ultimaker 3 3D printer using PP filament at 100% infill with an internal volume of 4.2 mL.
In order to develop a low-cost continuous flow system, we elected to obviate the use of expensive pumps or syringe pumps and simply control the flow of the system by compressed air. Doyle had previously shown that compressed air could be used to control microfluidics and we were keen to see whether this could also be used on the scales typically encountered in synthetic chemistry laboratories, as this would greatly reduce the overall cost of the device and is found in all chemistry fume hoods. In addition, simple replacing of the air with nitrogen gas would mean that reactions could be easily carried out under dry conditions. 16 To attach the system to the stirrer hotplate we designed it so that it could be adapted to a range of stirrer hotplates and placed two holes through all sections so that it could be used with both IKA and Heidolph stirrer hotplates. The system was composed of a base unit housing the compressed air manifold, a flow control unit containing a needle valve for fine control of the pressure for reactor flow and an injection unit where reagents could be readily added into the flow path via low-pressure 6-position loop injectors. All blocks were designed to be the same size to fit above the stirrer hotplate and the larger solvent holder was placed directly above these and the blocks held down by the metal hotplate rods (Figure 3) . In order to use compressed air as the driving force for the system, we decided to use Duran pressure bottles which can be safely pressurised to 1.5 bar. 17 All separate reactor blocks were printed at 10% infill and 0.2 layer height in PLA on an Ultimaker 3 3D printer. The two injection valves were connected via a simple 3D printed PP mixing chip at the centre of the injection block (Supplementary Information). Once assembled, the entire system was 341 mm high prior to addition of the solvent bottle (Figure 3 ).
The separate units of the system and their requisite printing times are listed below, clearly demonstrating the low cost nature of its construction (Table 1) . As the planned setup uses constant pressure to deliver fluidic flow and not a constant flow rate, we needed precise control over the pressure gradient applied to the system. Our intended low-cost approach meant that fine pressure control was not easily achievable but, more importantly, would also not allow control of flow rates which change with respect to reactor/device geometry. 18 Additionally, carrying out reactions at near or above solvent boiling point requires the use of a back pressure regulator (BPR) which would add considerable costs to the system. It would also mean that we would need much higher pressures than recommended for the Duran pressure solvent reservoir. 17 Inspired by the use of capillary resistors currently used in the field of microfluidics, 19 we decided to control the hydraulic resistance of our pressure-driven system and the flow rate by altering the pressure applied according to the HagenPoiseuille law (Eq. (1)) which can also be simplified to Eq. (2), where Hr is the hydraulic resistance. Based on this equation, we would need to know Hr of the whole system were we to control the flow rate. However, if the Hr of a capillary resistor is greater than that of the whole system, it can readily regulate the flow rate. 19 As the flow system uses 1.0 mm ID tubing and a meso-scale reactor in the use of the CDRs, we envisaged that addition of easily accessible HPLC PEEK tubing would allow us to develop a suitable set of capillary resistors that would offer sufficient resistance and also be compatible with organic solvents obviating the need for back pressure regulators.
Our aim was to have a set of capillaries that would offer the greatest control of the flow rate. In order to test this, we set about predicting the flow rates at different pressures for a given capillary size, solvent (MeOH) and temperature using the HagenPoiseuille equation (Eqn 1). 20 There needed to be a balance between low response with respect to pressure change -to give the greatest control of flow rate -and a practical flow rate range. We elected to use a set of 5 capillaries that would cover a flow rate range of 0.1-8 mL/min (Figure 4 and Supplementary Information). Pleasingly, when these capillary resistors were tested with our system, we observed excellent control of the flow rate which matched the predicted controls (Figure 4 and Supplementary Information). The capillaries could be placed either upstream or downstream of the 3D printed circular disk reactors. However, cognisant of the need to control flow rates when carrying out reactions at elevated temperatures, the capillaries were placed downstream of the reactors to assess its ability to act as a back pressure regulator.
The flow rate was unchanged when MeOH was subjected to 10 PSI at either room temperature or 65 °C (0.127 mm ID x 150 mm capillary). It should be noted that this ability of the capillary to act as a BPR does not hold for pressures lower than 10 PSI and can result in backwards solvent flow. As long as the pressure gradient is at or above the pressure generated by the heated solvent, flow rates can be predictably controlled. Additionally, as the temperature will be closer to ambient at the capillary (supplementary Information), any change in viscosity of the solvent at moderate temperatures need not be regarded as significant as the temperature will be closer to ambient at the capillary as it is exposed o airflow and cools rapidly.
With effective control of flow rates and temperatures we next looked at suitable reactions with which to demonstrate the utility of the system. We elected to explore SNAr reactions between 4-nitro-2-chloropyridine 1 and 4-methoxyphenol 2 in the presence of DBU in acetonitrile with the 3D printed flow system in the first instance as Reactions were optimised using the 3D printed FlowSyn flow reactor system using a range of capillary tubing to provide an array of flow rate/ residence time, temperatures and number of CDRs and the percentage conversion of the reactions was determined from the crude 1 H NMR spectrum of the reaction mixture. The pressure of the system was set at 5 PSI using the needle valve and the flow rates were controlled by differing the capillary tubing (Scheme 1, Table 1 ).
Scheme 1. Reaction conditions selected for exploration of reactor conditions. From the experiments, it was clear that the printed reactors were able to facilitate the reaction and that the flow rates allowed facile control over the residence time of the reactants. A solution of 4-nitro-2-chloropyridine 1 in acetonitrile was injected in injection port A and 4-methoxyphenol 2 and DBU in acetonitrile via injection port B using the injection loops. Following screening, it was shown that the use of a 0.12 mm x 150 mm capillary and a temperature of 65 C gave an excellent yield of the addition product 3 using 2 CDRs in sequence on the stirrer hotplate which gave the product in 95% conversion. Having optimised the reaction, we next investigated the reaction with a range of alcohols 4 to ensure that the reaction setup was sufficient for a range of substrates as shown below (Scheme 2 and Table 2 ).
Scheme 2. SNAr reaction between 3 and a range of alcohols.
Following the screening of a range of alcohols, it was evident that the 3D printed continuous flow system was able to facilitate the formation of a range of ether derivatives and most compounds gave good to excellent conversions and isolated yields of the addition product. Use of 2 CDRs for the reaction led to lower yields of the addition products in the case of 4-nitrophenol (entry 4, Table 2 ) and 2,2,2-trifluoroethanol (entry 8, table 2) and 4-methylparaben. In order to increase the yield obtained, the path length was increased by simply increasing the number of disk reactors from 2 to 5, extending the retention time at 65 C whilst maintain the same 0.33 mL/min flow rate increasing the yield from 25% to 47% for the case of 4-nirtophenol (Entry 5, Table 2 ). Pleasingly, this simple approach led to increased yields of the addition products without adding complex changes to flow rates or temperatures, clearly demonstrating the conceptual simplicity of the additional CDR approach. The extension from 2 to 5 CDRs was achieved by simple addition of a further stirrer hotplate next to the continuous flow system (supplementary Information). In conclusion, we have designed, developed and 3D printed a low-cost continuous flow system that is able to be integrated with existing stirrer hotplates and whose flow is powered and controlled by compressed air. The system uses 3D printed circular disk reactors whose pathlength can easily be extended and linked to create a range of flow path volumes with facile control of the residence time by the simple expedient of using resistance capillary tubing. This approach will enable synthetic chemists to carry to flow chemistry at low-cost and using existing laboratory and fume hood equipment without having to invest in expensive and large continuous flow equipment.
Further studies on additional reactors and reaction chemistries are currently under way in our laboratory and will be reported in due course.
